We used steady-state photoinduced absorption (PA), excitation dependence (EXPA(ω)) spectrum of the triplet exciton PA band, and its magneto-PA (MPA(B)) response to investigate singlet fission (SF) of hot excitons into two separated triplet excitons, in two luminescent and non-luminescent π -conjugated polymers. From the high energy step in the triplet EXPA(ω) spectrum of the luminescent polymer poly(dioctyloxy)phenylenevinylene (DOO-PPV) films, we identified a hot-exciton SF (HE-SF) process having threshold energy at E ≈ 2E T (= 2.8 eV, where E T is the energy of the lowest lying triplet exciton), which is about 0.8 eV above the lowest singlet exciton energy. The HE-SF process was confirmed by the triplet MPA(B) response for excitation at E > 2E T , which shows typical SF response. This process is missing in DOO-PPV solution, showing that it is predominantly interchain in nature. By contrast, the triplet EXPA(ω) spectrum in the non-luminescent polymer polydiacetylene (PDA) is flat with an onset at E = E g (≈ 2.25 eV). From this, we infer that intrachain SF that involves a triplet-triplet pair state, also known as the 'dark' 2A g exciton, dominates the triplet photogeneration in PDA polymer as E g > 2E T . The intrachain SF process was also identified from the MPA(B) response of the triplet PA band in PDA. Our work shows that the SF process in π -conjugated polymers is a much more general process than thought previously.
Singlet fission (SF) is a spin-allowed process whereby a photoexcited singlet exciton converts into a state of two entangled triplets (TT pair), which subsequently decomposes into two separated triplet (T) excitons. This process was first observed in crystalline acenes (most notably tetracene) in the 1960s [1] . It later found application in organic photovoltaic (OPV) cells, where it was shown that the cell external quantum efficiency may exceed 100% [2] , and thus it could potentially overcome the ShockleyQueisser PV efficiency limit under the sun illumination; this process may potentially lead to single-junction OPV cells with power conversion efficiency above 40% [3, 4] . It is thus no surprise that the SF process has recently attracted renewed interest [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
In general, the SF process may be divided into two classes: namely intermolecular SF (in which a singlet exciton separates into two triplet excitons on two different chromophores) and intramolecular SF (in which the singlet exciton separates into two triplet excitons on two different chain segments). Most of the SF literature is focused on intermolecular SF, especially in molecular crystals and polycrystalline films based on the small molecule acenes, including pentacene [7, 8] , tetracene [9] [10] [11] and other acene derivatives [12] [13] [14] . Also recently, studies on concentrated 6,13-bis(triisopropylsilylethynyl)pentacene solution [15] have addressed intermolecular SF. In addition, intramolecular SF has also been identified in long π -conjugated polymers such as polydiacetylenes (PDAs) [16] and poly-thienylenevinylene [17] . Several time-resolved studies have shown that both intermolecular and intramolecular SF may proceed on a time scale shorter than 100 fs [5] [6] [7] [8] [15] [16] [17] [18] . We note that previous studies of SF have focused on materials in which the lowest lying allowed singlet exciton energy, E S , is higher than twice the lowest lying triplet exciton energy, E T (i.e. E S ≥ 2E T ), a situation that is theoretically predicted to be prone to SF as the reaction S → 2T is exothermic. Nonetheless, given sufficient excess photon energy in the pump excitation (E E S ) with a threshold E > 2E T to render the SF exothermic, many common organic compounds having E S ≤ 2E T may also show signature of SF [19] [20] [21] albeit involving 'hot excitons', that we dub here hot-exciton SF (or HE-SF), without the need for a 'resonance' between the energies of the lowest singlet exciton and TT pair.
In order to study the possibility of such HE-SF process in common π -conjugated polymers, we investigated the steady-state photoinduced absorption (PA) spectrum, the excitation dependence spectrum (EXPA(ω)) of the triplet PA band, and its magneto-PA (MPA(B)) response in two π -conjugated polymers: one luminescent and the other non-luminescent. The luminescent π -conjugated polymer is a PPV derivative, namely poly(dioctyloxy)phenylenevinylene (DOO-PPV); whereas the non-luminescent polymer is a PDA derivative (see figure 1 insets for their repeat units). For the luminescent DOO-PPV, both drop cast film and 0.1 mg ml −1 dilute solution were studied. We found that the EXPA(ω) spectrum of the triplet PA in the film is composed of two contributions that manifest themselves in two different step increases in the EXPA(ω) spectrum. The low-energy step has an onset at the polymer optical gap, whereas the high-energy step has an onset at E ≈ 2.8 eV, which is about 0.8 eV above the polymer absorption edge. As the lowest lying triplet exciton energy in DOO-PPV was previously measured to be at E T ≈ 1.45 eV [22] , we identify the second EXPA(ω) step at E ≈ 2E T as signature of HE-SF. The high-energy second bump is missing in the EXPA(ω) spectrum of DOO-PPV dilute solution, in which the polymer chains are isolated, and from this we infer that the HE-SF is predominantly an interchain process. In addition, we also found that the MPA(B) response of the triplet exciton PA excited at E > 2E T shows typical response of a SF process. In the non-luminescent polymer PDA, however, the EXPA(ω) spectrum only exhibits a one-step increase at its optical gap. We attribute the lack of the second step at higher energy in the EXPA(ω) spectrum here as due to the small E T in this polymer (E T ≈ 1.1 eV [23, 24] ) and thus 2E T < E S . Therefore, the triplet excitons in PDA originate from SF process of a relaxed forbidden exciton, namely the singlet 2A g state (using the notation of correlated electrons) having energy E(2A g ) < E S .
The synthesis of the DOO-PPV polymer was described in [25] . In this work, we dissolved the DOO-PPV powder in dichlorobenzene (10 mg ml −1 ) and diluted it to 0.1 mg ml −1 for achieving 'dilute solution' which ensures that the polymer chains are mostly isolated, namely independent from each other. Alternatively, the original solution was drop cast into films on sapphire and quartz substrates to allow broadband optical spectroscopies. All the operations described above were done in a nitrogen environment inside a glove-box. The preparation of the red PDA films was described in [26] . For the steady-state photoluminescence (PL) and PA measurements, we used a standard pump/probe photo-modulation set-up [27] . The samples were photoexcited by a modulated laser beam from different pump sources; whereas the probe beam was extracted from a tungsten incandescent lamp that covers the spectral range from 0.25 to 3 eV. Photoinduced changes T in the sample transmission T were recorded with a phase-sensitive technique to obtain the normalized changes in transmission, T/T. We define PA as − T/T = αd = nσ d, where n is the photoexcitation density, σ is the absorption cross section, α is the absorption change and d is the sample thickness. For the MPA measurements, the samples were placed in a temperaturecontrollable cryostat between two poles of an external magnetic field, B up to B = ±2000 gauss. By sweeping the magnetic field back and forth, we obtained the PA magnetic field response defined as MPA(B) = [PA(B) − PA(0)]/PA(0) [28] .
The EXPA measurement set-up was based on the steady-state PA technique. In this technique, we fixed the probe photon energy, hω at the appropriate triplet exciton PA range of the polymer (see figure 2, shaded areas) using band-pass filters, and varied the pump excitation photon energy, E =hω between 1.8 and 3.6 eV using a xenon lamp and a monochromator equipped with an appropriate short-pass filter [19] [20] [21] . The pump beam was modulated at frequency f ∼ 300 Hz using a mechanical chopper. The resulting PA amplitude was monitored as a function of the pumphω having intensity I(ω). To get the PA per absorbed photon, we normalized I(ω) by the photon energy (hω) and the appropriate density of absorbed photons at ω that changes according to the optical density of the sample at ω. Subsequently, we calculated the EXPA(ω) spectrum using the relation EXPA(ω) = PA/[I(ω)(1 − exp(−αd))/hω], in which α is the absorption coefficient at ω, and d is the film thickness.
In figure 1 , we show the normalized optical absorption α(ω) and PL spectra of the two polymer films used in this work, as well as the polymers' repeat units. From α(ω) spectra, we obtained the optical gap, E g , which is actually the singlet exciton energy, E S , averaged over the polymer chain distribution in the film. We obtain E g ≈ 2.0 eV for the DOO-PPV film and E g ≈ 2.25 eV for the PDA film. The relatively strong PL emission spectrum of the DOO-PPV film is shown in figure 1a ; it contains a three-peak structure at 2.07, 1.85 and 1.72 eV, respectively, which we interpret as a 0-0 optical transition from the lowest allowed exciton (1B u in the notation of correlated electrons) to the ground state, and its two-phonon replica [25] . The measured PL quantum efficiency of DOO-PPV films is approximately 25% [29] . In PDA film, however, the PL is much weaker (approx. two orders of magnitude lower than that in DOO-PPV) and does not show the vibronic sidebands that are typical to many luminescent polymers. The weak PL emission originates from the reverse excited state order known to exist in PDA, where a 'dark' exciton, namely the 2A g , lies below the lowest allowed exciton (1B u ); namely E(2A g ) < E(1B u ) [30] . In this case, the photogenerated 'hot' B u excitons quickly undergo internal conversion into the A g manifold, and relax to the bottom of it (2A g ) [16] , where the PL emission is forbidden.
In figure 2 , we show the steady-state PA spectra of the DOO-PPV film, DOO-PPV dilute solution and PDA film. The PA spectra in the films were measured at low temperature (approx. 50 K), whereas the PA spectrum in solution was measured at room temperature. The PA spectra of both DOO-PPV film and solution (figure 2a) are dominated by a single PA band at approximately 1.37 eV, which has been identified before by optically detected magnetic resonance studies as due The EXPA(ω) in the film shows two triplet photogeneration processes with onsets at the optical gap (E g ≈ 2.0 eV) and E ≈ 2E T ≈ 2.8 eV, respectively. In the dilute solution, however, EXPA(ω) shows only the first triplet photogeneration process having an onset at the optical gap. (b) The EXPA(ω) spectrum of the triplet PA band in PDA film. The spectrum shows a one-step feature with onset at the optical gap E g ≈ 2.2 eV, reaching a plateau at E ≈ 2.25 eV. (Online version in colour.)
to long-lived triplet excitons [21] . We note that no other PA band exists in the spectral range of 0.25 to 1.8 eV, and therefore charge polaron excitations with PA bands at 0.4 and 1.4 eV are not photogenerated in this polymer, which attest to the excellent polymer quality. The steady-state PA spectrum of the PDA film (figure 2b) shows similar properties as that of DOO-PPV, except that the triplet PA peaks at 1.4 eV, and the PA signal is much stronger, which points to a much longer lifetime, or/and more efficient triplet photogeneration. By measuring the triplet PA dependence on the excitation photon energy, E =hω, we obtained the EXPA(ω) spectra as shown in figure 3 . The probe photon energy for the EXPA was set to be in the range of 1.35-1.41 eV for the DOO-PPV and 1.35-1.46 eV for the PDA film, as marked in figure 2 (shaded area) .
In DOO-PPV (figure 3a), we found that the EXPA(ω) spectrum has two steps. At low energy, there is a step response at the optical gap E g ≈ 2.0 eV in both film and solution samples. Importantly, the EXPA(ω) spectrum in film shows a second step at higher energy E ≈ 2.8 eV, which is missing in the DOO-PPV solution. The 'two bump' EXPA(ω) spectrum is indicative that there are two different photogenerated channels for the triplet excitons in DOO-PPV film. One process starts at the optical gap, and we interpret the triplet photogeneration mechanism as due to intersystem crossing (ISC) from the singlet to the triplet manifolds that occurs in the time domain of 5-100 ns [20] . This process is associated with thermalized singlet excitons and therefore has a flat spectral response, similar to that of the EXPL spectrum [19] . The ISC process with the flat EXPA(ω) spectral response is seen in both film and solution.
The second triplet photogeneration process in film having an onset at E ≈ 2.8 eV is therefore due to 'hot' excitons, and thus occurs on the time scale of the hot exciton thermalization process (approx. 200 fs). There are two possible mechanisms for triplet generation having an onset above the optical gap; these are (i) upper excited-state transfer (UEST) [31] that includes hot exciton ISC and (ii) HE-SF [19] . The UEST process would be operative also in isolated chains in solution; but we did not observe it in DOO-PPV solution, and thus UEST cannot explain our data. We therefore identify the second triplet generation process at higher energies as interchain HE-SF. Based on previous studies, it is known that the triplet exciton in DOO-PPV is at E T ≈ 1.45 eV [22] . We therefore expect that the onset of the second process in the EXPA(ω) spectrum would be at E ≈ 2E T . This is in fact quite close to the experimental data that show an energy threshold at 2.8 eV, whereas 2E T = 2.9 eV. As the HE-SF process here is interchain in nature, we suggest that the hot-exciton singlet exciton first converts into a TT pair state on two different polymer chains, followed by separation into two triplet excitons on the two chains at a later time, similar to the case of SF in acene crystals. When the polymer chains are isolated, however, as in the DOO-PPV dilute solution, the interchain SF is not possible and therefore the EXPA(ω) spectrum in this case does not show the second step. It would be interesting to increase the DOO-PPV concentration in the solution for studying the chain concentration needed for accomplishing the HE-SF process, similar as done for 6,13-bis(triisopropylsilylethynyl)pentacene in solution [15] .
SF is a multistep phenomenon, with various photophysical processes that occur on multiple time scales [32] . In the first step of the SF process, where a photoexcited intrachain singlet exciton generates a TT pair, both direct and two-step mechanisms have been proposed [33] [34] [35] [36] [37] . In the direct mechanism, the intrachain singlet exciton transforms directly into a TT-pair state delocalized in the original and its adjacent chain. The two-step mechanism, however, involves an intermediate charge-transfer state, which subsequently transforms into a TT pair similar as in polycrystalline pentacene [36] . In the DOO-PPV polymer, the fast thermalization process of the hot singlet exciton substantially reduces the SF yield. As we can see from figure 3a, the additional triplets generated with excitation at 3.5 eV are only approximately 40% more than those generated through ISC which is known to be rather small in any case.
As shown in figure 3b , the EXPA(ω) spectrum of the non-luminescent polymer PDA shows a flat response with onset E = E g = 2.25 eV, which is similar to DOO-PPV solution. It is tempting therefore to assume that the triplet excitons in PDA are generated only by ISC, same as in DOO-PPV solution. But previous time-resolved and steady-state measurements [16, 23] showed that the triplet excitons in PDA are generated within approximately 0.5 ps, which is too fast for an ISC process. We thus believe that in fact SF dominates the triplet exciton photogeneration process in PDA polymer chains. So how can we understand the EXPA(ω) flat response here? The answer to this puzzle is the low triplet energy in PDA. The triplet energy E T in PDA was measured to be E T ≈ 1.1 eV [16, 23, 24] . As the optical gap is E g ≈ 2.25 eV > 2E T , the intrachain SF process in PDA is exothermic; and this explains the EXPA(ω) flat response starting at E > E g . Our conclusion is also supported by the following MPA studies.
To try evaluating the fraction of triplet excitons generated from ISC and HE-SF processes in DOO-PPV film, we studied the triplet MPA(B) response with pump energy E < 2E T and E > 2E T , as shown in figure 4a. For the MPA measurements, we adjusted the excitation intensities so that the absorbed fluxes of pump photons at the two used wavelengths, namely 2.54 eV and 3.06 eV, are equal to each other. For this purpose, we took into account the different photon energies and film optical absorption at these two pump wavelengths. This manoeuvre was done in order to maintain similar nonlinear triplet recombination rate at the two wavelengths. We found that when excited at E > 2E T , the MPA(B) response shows two distinct features: a relatively sharp decrease at low B followed by a more moderate increase at larger B (figure 4a). This MPA(B) response is typical to SF, as measured in acene crystals using MPL(B) [38] , and MPC(B) response in pentacene-based OPV devices [39] . By contrast, the MPA(B) response at E < 2E T , where the ISC process prevails, flattens out at large field after a sharp drop at low field. This latter MPA(B) response was interpreted in previous works as due to triplet excitons that are not entangled into TT pairs, and therefore do not originate from a SF process. The MPA(B) response of triplet excitons in PDA does not change across the excitation spectrum for E > E g . A typical triplet MPA(B) response in PDA is shown in figure 4b . The response is very similar to that in DOO-PPV excited at E > 2E T (figure 4a), which we interpreted above as originating from HE-SF. We thus conclude that most triplet excitons in PDA are generated via SF, and this explains the ultrafast PA triplet formation in this polymer [16] . As a matter of fact, it is conceivable that the PA from an entangled TT pair is very similar to that of isolated triplet excitons (S. Mazumdar 2014, personal communication). We therefore believe that the PA band in PDA film that is formed in the sub-picosecond time domain originates from TT pairs, rather than from isolated triplet excitons. It is worth mentioning that the lowest lying state in the TT manifold of PDA is in fact the 2A g , and therefore the picosecond PA dynamics unravels the internal conversion 1B u → 2A g [16] . The 2A g dissociation into two separated triplets may occur at a longer time, and being endothermic might need a defect on the polymer chain, such as chain twist for example.
In conclusion, we investigated the singlet exciton fission process in both luminescent and non-luminescent polymers using a variety of steady-state optical spectroscopies; most notably, EXPA(ω) spectroscopy and the MPA(B) technique. We found that the SF in the luminescent DOO-PPV polymer is non-resonant, namely does not occur at the optical gap, as E g < 2E T . Instead, the SF in this polymer is related with hot-exciton generation such that the excitation energy E > 2E T , and involves interchain intermediates. We dubbed this novel process HE-SF, which may occur in the majority of luminescent π -conjugated polymers. In the non-luminescent polymer PDA, however, SF occurs at any photon energy E > E g , as E g > 2E T in this polymer. Our work indicates that SF in π -conjugated polymers might be a much more general process than thought previously.
